A systematic procedure to achieve a target crystal size distribution (CSD) under generated operational policies in batch cooling crystallization is presented. An analytical CSD estimator has been employed in the systematic procedure to generate the necessary operational policies to achieve the target CSD. Furthermore, this systematic procedure has been integrated with a generic multi-dimensional modelbased framework. The generic nature of the modelbased framework allows the study of a wide range of chemical systems under different operational scenarios, enabling thereby, the analysis of various crystallization operations and conditions. Therefore this generic multidimensional model-based framework can be used to generate "specific" models for crystallization processes and further verify the operational policies generated by the analytical CSD estimator for achieving the targeted CSD consistently. The application of the systematic procedure is illustrated for a potassium dichromate case study.
Introduction
Batch cooling crystallization is one of the important unit operations involving separation of solidliquid phases. Usually the most common crystal product qualities are directly related to the crystal size distribution (CSD) [1] . However the main difficulty in batch cooling crystallization is to obtain a uniform and reproducible CSD [2] . Therefore supersaturation control can be applied to drive the process within the metastable zone and thereby enhance the control of the CSD. Although this approach has been shown to produce high quality crystals, the set point operating profiles for the supersaturation controller are usually chosen arbitrarily or by trial-and-error [3] . Therefore there is a need for a systematic procedure to generate operational policies that guarantee that the target CSD can be achieved consistently. Furthermore, to predict the desired crystal morphology by means of model-based approaches, appropriate models covering the effects of the various operational parameters on the behavior of the crystals are necessary. That is, a generic multi-dimensional model-based framework that covers a wide range of crystallization models and operational scenarios is needed.
The objectives of this work are to develop a systematic procedure for generating operational policies to achieve the target CSD for batch cooling crystallization processes. In this procedure, an analytical CSD estimator will be employed to generate an operational policy. The estimator is based on the assumptions of constant supersaturation and an operation that is dominated by size dependent growth [2] . The generated operational policy provides the supersaturation set point and by maintaining the operation at this point, a target CSD is achieved. However the main weakness in the analytical CSD estimator is the estimator's capability to generate any operational policy achieving the target CSD without the ability to identify the best operational policies. To overcome this limitation, different operational policies that yield the same target CSD are also generated using this analytical CSD estimator and validated with closedloop control. The validation requires a "specific" model to represent the operation. For this purpose, the generic multi-dimensional model-based framework for batch cooling crystallization processes has been developed [4] and integrated with the systematic procedure. Through this generic multi-dimensional model-based framework, a "specific" model can be generated and used for closed loop control to verify the operational policies. The unique feature of the systematic procedure is that any chemical system can be studied, in order to manipulate the process systematically with the purpose of achieving the target CSD. Finally the performance of simulation models and the analytical estimator will be compared and analyzed in terms of the CSD obtained. Additional information regarding the total crystal mass is also targeted here, which is a novelty compared to earlier works [2] . Therefore the best operational policies will be selected in term of CSD obtained compared to the target and total crystal mass. The integration of generic multi-dimensional models with systematic procedure to achieve target CSD based on analytical estimators is highlighted using potassium dichromate as a case study.
Systematic Procedure for Generating Operational Policies To Achieve Target
Crystal Size Distribution (CSD)
An overview of the systematic procedure to generate and employ operational policies is shown in Fig. 1 where the generic multi-dimensional model has been integrated to the systematic procedure. The starting point of this systematic procedure is the generation of the target CSD. The operational policy to obtain a target CSD can be generated by employing an analytical CSD estimator [2] . This analytical CSD estimator consists of 3 main equations as follows:
Where n f is the target CSD, 0 n f is the CSD of the initial seed, g k is the growth rate constant, γ and p are the growth constants, g is the growth order constant, t is total crystallization time, S is the supersaturation, 0 L is the initial characteristic length, L is the average characteristic length, σ is the standard deviation of the characteristic length and L represents the final characteristic length. The target CSD is obtained by specifying the initial characteristic length and initial seed of the CSD as well as kinetic growth parameters. The initial seed of the CSD is assumed as a normal distribution. Therefore the mean and standard deviation of the initial characteristic length need to be specified in order to generate the initial seed as a normal distribution. Meanwhile the kinetic growth parameters are obtained from the chemical system that needs to be investigated. In this way, the supersaturation set point and total crystallization time needed to achieve the target CSD can be obtained. This supersaturation set point represents the operational policy that needs to be maintained during the crystallization operation in order to achieve the target CSD. Then a different operational policy that also yields the same target CSD needs to be generated from the analytical CSD estimator. The idea behind the generation of different operational policies is to identify the best policies to achieve the target CSD during closed loop simulation. Usually, the generation of different operational policies is done by choosing either (a) the operation close to the saturation line, or (b) close to the metastable limit, else (c) in the middle between the saturation line and the metastable limit. All of the operational policies will then be simulated in closed-loop simulation in order to validate the target CSD given by the analytical CSD estimator. Furthermore the information on total crystal mass can be obtained during closed-loop simulation which overcomes the limitation of the analytical CSD estimator to provide this information. In order to perform closed-loop simulation, a full mathematical model representing the specific system to be studied is needed. Fig. 2 : Generic multi-dimensional model-based framework [4] For this purpose, a generic multi-dimensional modelbased framework ( Fig. 2 ) has been developed to create the specific models which are needed to describe various crystallization processes based on the generic batch cooling crystallization model [4] . There are 4 main steps through which the problem specific model is created on the basis of the generic multi-dimensional model-based framework. The first step is the problem definition for the crystallization process under study: the overall objective of the study is defined, and process definition of the specific crystallization process being investigated is provided. The step 2, problem specification, involves the selection of the chemical system that needs to be studied and the collection of the relevant information about the process and the product. The third step is concerned with the listing of the necessary balance and constitutive equations needed to model the crystallization process. The balance equations consist of population, overall mass and energy balances for the defined crystallization volume supplemented with energy balance equations for the cooling jacket.
The constitutive equations contain a set of models describing nucleation, crystal growth rate, supersaturation, saturation and metastable concentration as well as physical properties corresponding to different types of chemical systems found in the crystallization processes. More detailed about the generic balance and constitutive equations can be found in [4] . Subsequently a problem specific model is created which is verified through process (operation) analysis (step 4). If the specific model is satisfactory with respect to the desired performance, then it is included in the model library. In this way, the generic model is adapted to reflect a specific case study and thereby allows the analysis of various crystallization operations and conditions.
The complete set of mathematical models for a specific model is then solved under closed loop simulation to verify the generated operational policies. Finally the CSD obtained from the verified simulated operation will then be compared with the target CSD and the total crystal mass obtained is analyzed. Subsequently the final operational policy will then be selected based on the best performance obtained during the performance comparison and analysis.
Case study: Potassium dichromate crystallization process
The application of the systematic procedure to obtain the target CSD is highlighted using a potassium dichromate case study. The potassium dichromate crystallization process is adopted from the literature [2] .
Generation of target CSD
The initial seed of the CSD has been generated as a normal distribution by using a mean of 156.89 µm and a standard deviation of 43.75 µm. The target CSD and final characteristic length are then calculated by using the potassium dichromate growth parameters shown in Table 1 as well as the supersaturation set point of 0.029 g solute/g water and assuming a total crystallization time of 110 minutes. The initial seed and target CSD obtained from the analytical CSD estimator are shown in Fig. 3 and 4 . 
Generation of different operational policies
By fixing the growth parameters and target CSD in the analytical CSD estimator, a new data set comprising of different values for the operation time and the supersaturation set point can be obtained as shown in Table 2 . Each data set has been generated by choosing the operation close to the saturation line (data set 1), in the middle between the saturation line and the metastable limit (data set 2) and close to the metastable limit (data set 3). 
Validation with closed-loop control
In order to validate the operational policies generated by the analytical CSD estimator, a complete mathematical model for potassium dichromate will be generated using the generic mult-dimensional modelbased framework. The model-based framework consists of 4 main steps [4] : 
Problem definition (step 1)
The overall objective for this problem is to study the concentration and temperature profiles based on the generated operational policies (Section 3.2) as well as the final CSD obtained.
Problem specification (step 2)
The chemical system involved is potassium dichromate dissolved in water. Thus the two chemicals used here are potassium dichromate (solute) and water (solvent). The process equipment involved is a jacketed batch crystallizer.
Model development and solution (step 3)
The first part of the model development is to formulate balance equations. In the population balance equation (PBE) formulation, the assumption for this model is size dependent growth of the one-dimensional PBE with no description of agglomeration and breakage phenomena. This one-dimensional PBE is solved using the method of classes. The operation is seeded and the initial crystal size will be neglected in the overall mass and energy balance equation. In the constitutive equations selection, the secondary nucleation is assumed. The effect of agitation is neglected in the nucleation and crystal growth rate equations. Based on this information, the necessary balance and constitutive equations are retrieved from the set of generic balance and constitutive equations. Table 3 shows the complete mathematical model for the potassium dichromate crystallization process generated by the generic multi-dimensional modelbased framework. This problem specific model is first analyzed and then simulated in closed-loop in the ICASMoT modelling tool to verify each operational policy. A PI controller has been employed for all data sets in order to maintain the concentration of potassium dichromate at the generated set point. Table 4 shows the initial values used to solve the closed loop simulation for all data sets. The closed-loop simulation results obtained in this way are shown in Fig. 5 . Fig. 5 shows the temperature profile for all data set initially at 40°C and then cooled down to 5°C in 80 minutes (data set 3), 110 minutes (data set 2) and 192 minutes (data set 1) respectively. 
Process (operation) analysis (step 4)
Overall Mass Balance: Solute Concentration The potassium dichromate concentration initially started at 0.26 g solute/g water and the PI controller successfully maintained the concentration at the set point once the concentration set point was reached. In Fig. 6-8 , approximately 0.07 g solute/g water (data set 1), 0.09 g solute/g water (data set 2) and 0.1 g solute/g water (data set 3) remains by the end of operation. 
Performance comparison and analysis
In the previous section, all concentrations were maintained at the set point indicating that all operational policies were feasible. In order to determine the best operational policy to achieve the target CSD, the performance of the simulated operation is compared with the generated policy as highlighted in Fig. 9-11 . A good agreement between both models was achieved in data set 1, i.e. the detailed simulation model predicted almost identical target CSD compared to the analytical estimator. In data set 2, only a slight difference can be observed (Fig. 10 ) between the simulated model and the analytical estimator. Nevertheless, the final CSD obtained from this simulated model is still in a reasonable range compared to the target CSD. However there are obvious differences between the simulated model and the analytical estimator for data set 3, as illustrated in Fig. 11 . The final CSD obtained is rather far from the target CSD obtained from the analytical estimator. Furthermore a secondary peak has been observed in the lowest part of the final characteristic length curve, indicating that a secondary nucleation has occurred in the operation. This is because the crystallizer has been operated close to the metastable limit, and thus secondary nucleation is expected. These phenomena however cannot be captured by the analytical estimator, which explains the mismatch between both CSD profiles in Fig. 11 . The performance has also been analyzed in term of total crystal mass obtained as highlighted in Fig. 12 . The data set 3 with higher supersaturation yields the lowest total crystal mass approximately 17.18 g starting from an initial seed mass of 1.2 g. The data sets 1 and 2 produced about 20.08 g and 18.63 g of crystals respectively. The supersaturation set point for both data sets was lower than for data set 3, indicating a slower crystal growth rate. However, the total crystallization time for data set 1 and 2 is longer than for data set 3 as well, thus enabling the operation to produce more crystal mass. The performance comparison of all data sets has been provided in Table 4 . In term of CSD, data set 1 produces the closest CSD compared to the target based on final average characteristic length followed by data set 2. Although data set 1 produces the best CSD compared to the target, and also has the highest total crystal mass obtained, the total crystallization time for this operation is too long (more than 3 hours). This is mainly because to the crystallizer has been operated close to the saturation line, and under such conditions it will take a long time to achieve the target CSD. If the total crystallization time is taken into consideration then the data set 1 will not be very practical since the operating costs typically increase the longer the batch runs. As an alternative data set 2 can be selected due to its reasonable operation time while the performance is still acceptable, producing a CSD that is close to the target CSD generated by the analytical CSD estimator. Meanwhile data set 3 is not considered here since it produced the lowest crystal mass and the CSD obtained far from the given target. 
Conclusions
A systematic procedure to achieve a target CSD under generated operational policies has been developed for batch cooling crystallization processes. This systematic procedure has been integrated with generic multi-dimensional model-based framework to generate specific crystallization process operational models. The generation of operational policies involving an analytical CSD estimator has been illustrated using a potassium dichromate case study and the generic multidimensional model-based framework has been applied to generate a model for potassium dichromate crystallization. The generated operational policies have then been validated using closed-loop simulation, and the best operational policies were found to be capable of achieving the target CSD quite accurately as well as producing an acceptable total crystal mass.
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